Brain protection of the newborn remains a challenging priority and represents a totally unmet medical need. Pharmacological inhibition of caspases appears as a promising strategy for neuroprotection. In a translational perspective, we have developed a pentapeptide-based group II caspase inhibitor, TRP601/ORPHA133563, which reaches the brain, and inhibits caspases activation, mitochondrial release of cytochrome c, and apoptosis in vivo. Single administration of TRP601 protects newborn rodent brain against excitotoxicity, hypoxia-ischemia, and perinatal arterial stroke with a 6-h therapeutic time window, and has no adverse effects on physiological parameters. Safety pharmacology investigations, and toxicology studies in rodent and canine neonates, suggest that TRP601 is a lead compound for further drug development to treat ischemic brain damage in human newborns.
Subject Category: Neuroscience
Worldwide estimations indicate more than 2 million noninfectious neonatal deaths per year. 1 Neonatal ischemic brain injuries, such as stroke (focal cerebral ischemia involving middle cerebral artery occlusion (MCAO)) or hypoxia-ischemia (HI) (involving systemic asphyxia), are major and untreated causes of newborn morbidity and mortality. 2, 3 Of the infants who survive the first few hours after intrapartum-related neonatal deaths (previously called 'birth asphyxia'), as many as an annual 1 million may develop cerebral palsy, learning difficulties or other disabilities. 4 Recent clinical trials show that therapeutic intervention by brain cooling beginning up to 6 h after perinatal asphyxia reduces cerebral injury and improves outcomes in term infants. 5 Although these studies provide proof of concept that in this context cell death is both delayed and preventable, the protection is limited and there is still no treatment available for perinatal stroke or brain injury occurring in preterm infants. 6 Ischemic brain injury in the developing brain involves several factors such as excitotoxicity, oxidative stress, and inflammation, which accelerate cell death through either apoptosis or necrosis, depending on the region of the brain affected and on the severity of the insult. 7, 8 Accumulating data suggest that apoptotic mechanisms have a more prominent role in the evolution of ischemic brain injury in neonatal rodents [9] [10] [11] and humans 12 than in adult brain ischemia, 13, 14 and that apoptosis involves the mitochondrial release of cytochrome c 11 and apoptosis-inducing factor (AIF), 11, 15, 16 which activate caspase-dependent 10, 16 and -independent execution pathways, 13, 16 respectively. Caspases are a class of cysteine endoproteases that have strict specificity for an aspartic residue at the S1 subsite. 17, 18 Some caspases are important mediators of inflammation and others are involved in the apoptosis of mammalian cells, where they participate in signaling and effector pathways. 19 On the basis of the optimal four-amino-acid sequence to the left of the cleavage site, caspases may be classified into three groups: group I contains caspase-1, -4, and -5 (optimal tetrapeptide: WEHD), group II contains caspase-2 (Casp2), -3 (Casp3), and -7 (Casp7) (optimal tetrapeptide: D[E/A]XD), and group III contains caspase-6, -8 (Casp8), -9 (Casp9), and -10 (optimal tetrapeptide: [V/L]EXD). [20] [21] [22] Both pancaspase inhibition and Casp3-selective inhibition have been reported to be neuroprotective in various rodent models of neonatal brain injury, 13, 23, 24 opening the possibility for pharmacological intervention. 6 However, lack of protection with caspase inhibitors was also reported, 25, 26 possibly reflecting differences between experimental models or settings (e.g., the age of animals 26 ), specific in vivo properties of the used inhibitors (e.g., brain penetration 27 ) , and/or a shift to caspase-independent cell death pathways (e.g., AIF, autophagic death, necroptosis).
The role of individual caspases in the developing brain is not fully understood. Genetic analysis using constitutive deficiency revealed that Casp3 and Casp9 execute programmed (physiological) cell death in the central nervous system, 28, 29 whereas Casp2 does not. 30 Aggravation of HI-induced lesions was reported in Casp3-null mice. 31 In contrast, genetic inhibition of Casp2 is neuroprotective in newborn mice exposed to HI or excitotoxic challenges. 32 In a translational attempt to generate an efficient and safe Casp2/group-II caspase inhibitor, we have developed a potent pentapeptide-based irreversible caspase inhibitor. We report here the preclinical evaluation of this compound and present data supporting a potent neuroprotective role against perinatal ischemic brain damage in a variety of in vivo models, potentially opening an avenue for treatment.
Results
Design of a caspase inhibitor adapted for neuroprotection in neonates. We previously showed that the pancaspase inhibitor quinolyl-carbonyl-Val-Asp-difluorophenoxymethylketone (Q-VD-OPh) has enhanced in vitro and in vivo pharmacological properties, 33 together with potent neuroprotective effects in neonatal brain injury experimental models. 10, 16, 34 We reasoned that an in vivo efficient group II-selective caspase inhibitor might combine an amino-terminal quinolyl-carbonyl and a C-terminal fluorophenoxymethyl ketone warhead (CH 2 OC 6 H 3 -F 2 ) with the Casp2-preferred pentapeptide backbone VDVAD, 20, 33, 35, 36 a sequence that is also efficient as a substrate for Casp3, 37 but is a weaker substrate for group-I and -III caspases (data not shown and McStay et al. 37 ). Using the reported Casp2 crystallographic data, 38 we modeled pentapeptide structures within the Casp2 active site (Figure 1a and Supplementary Figure  S1) , and chose to add methyl ester group to the lateral chain of each Asp residues to enhance lipophilicity (a well-known approach to promote blood-brain barrier penetration) and delay degradation by proteases in vivo. The resulting substituted pentapeptide quinolin-2-carbonyl-VD(OMe)VAD (OMe)-CH 2 -O(2,6F 2 )Ph (referred thereafter as TRP601) was selected ( Figure 1b) . TRP601 is an irreversible caspase inhibitor that, similar to other VDVAD-based inhibitors, 20, 21, 37 is a potent inhibitor of group II caspases. Indeed, in vitro kinetic analysis showed that TRP601 potently inhibits Casp3 (IC 50/Casp3/TRP601 ¼ 47.3 ± 11.2 nM; k 3 /K i ¼ 36 025/M/s; n ¼ 3) and also inhibits recombinant Casp2 (IC 50/Casp2/TRP601 ¼ 479.8 ± 79.3 nM; k 3 /K i ¼ 1243/M/s; n ¼ 3) (Figures 1c and d) . According to its irreversible nature, TRP601 showed a fourfold IC 50 reduction if preincubated 45 min with Casp2 before substrate addition (IC 50/rCasp2/TRP601/45 min ¼ 127 ± 25 nM; n ¼ 3).
As expected, TRP601 had no substantial activity outside the caspase family, as found in a binding screen of 110 different receptors, transporters and ion channels, and 56 enzyme activity assays, including calpains, various cathepsins (B, H, G, L), granzyme B, and several glutamatergic sites such as N-methyl-D-aspartatic acid and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (Table 1) . When used in cell culture assays like serum-deprived primary embryonic cortical neurons, 39 TRP601 prevented caspase activation and cell death (Figure 1e ). Following intravenous (i.v.) administration in adult rats, TRP601 quickly entered the brain (Figure 1f ; T max ¼ 25 min in the brain; C max ¼ 120 ng/ml in the brain, 1 mg/kg, i.v. bolus dose). Interestingly, an active metabolite D2Me-TRP601 (TRP601 devoid of methyl ester High-density E14 cortical neuron cultures were subjected to 24 h SD in the presence or absence of 50 mM TRP601. Histograms indicate the means ( ± S.D.) of 15 independent experiments. (f) Representative pharmacokinetic of TRP601 after intravenous (i.v.) administration in adult rats, through liquid chromatography-mass spectrometry (LC-MS/ MS) detection in the plasma and brain homogenates. Note that following intraperitoneal (i.p.) administration of the same dose, TRP601 was detected in the brain at 0.25 h (brain C max ¼ 25 ng/ml) and the C max (20 ng/ml) was obtained in the plasma according to a plateau between 0.5 and 2 h. (g-j) TRP601 reduces excitotoxic lesions in neonates. The 5-day-old mice were subjected to intracerebral ibotenate injection and killed at different time points (g ¼ 5 days; h and i ¼ 24 h; j ¼ 8 h) following the excitotoxic challenge to determine the impact of TRP601, TRP801, and TRP901 (1 mg/kg; i.p.) on lesion severity (g), microgliosis (h), astrogliosis (i), and group II caspases activity (j). Histograms show mean lesion volume (g; ', vehicle, n ¼ 16; TRP601, n ¼ 16; TRP801, n ¼ 7; TRP901, n ¼ 8), cell density (h and i; n ¼ 10 per group), or VDVADase activity (j; n ¼ 5 per group)±S.E.M. Asterisks indicate differences from control (') (*Po0.05, **Po0.01, ***Po0.001 in Kruskal-Wallis post hoc Dunn's for g, Mann-Whitney for h-j). In vivo and ex vivo cell death, at 48 h post-stroke, in the ipsilateral cortex of vehicle-and TRP601-treated ischemic animals. Propidium iodide was injected intrajugularly (10 mg/kg) into rat pups before ischemia and coronal sections were analyzed by fluorescence microscopy (i, representative micrograph; j, left histograms). Alternatively, coronal sections were subjected to in situ 3 0 -OH end DNA labeling (terminal deoxynucleotidyl transferase dUTP nick-end labeling , TUNEL), counterstained with Hoechst 33342, and analyzed by fluorescence microscopy (j). Data are mean±S.E.M. (bars) values (n ¼ 5). **P ¼ 0.0079 (Mann-Whitney). The arrows point to apoptotic nuclei. Scale bar ¼ 100 mm. (k) Representative western blot analysis of caspase-2 (Casp2) processing at 24 h post-ischemia in the presence or absence of TRP601 or TRP901 injected (1 mg/kg, i.p.) at reperfusion. Ipsilateral penumbra zone (IL) and contralateral counterpart (CL) of hemispheres were dissected and homogenized before biochemical analysis. Co., control brains (without ischemia). (Figure 1g ). In contrast, TRP901 (a DEVD-based preferential Casp3/Casp7 inhibitor) and TRP801 (a preferential Casp8 inhibitor 40 ), both designed with the same chemistry as TRP601 (Supplementary Figure S2) , did not confer brain protection against ibotenate challenge (Figure 1g ). In these (Figure 1h ) and glial fibrillary acidic protein -positive (Figure 1i) cell densities, respectively. In addition, TRP601 strongly reduced the VDVADase-specific activity (73% reduction; P ¼ 0.0079 Mann-Whitney) when studied 8 h after ibotenate treatment (Figure 1j) .
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Having found recently that genetic inhibition of caspase-2 (Casp2) protects newborn mice from ischemic brain injury, 32 we further investigated the protective effect of TRP601 during Casp2 silencing. When TRP601 was administered in mice neonates treated with Casp2-specific siRNA, no significant additional protection was found against ibotenate, neither in the white matter nor in the cortical plate (Figure 1k and Supplementary Table S1 ). This suggests that, at least in this experimental setting, TRP601-mediated neuroprotection is Casp2 dependent.
TRP601 is neuroprotective in neonatal rats after ischemic stroke. We then investigated whether TRP601 might be operative in perinatal arterial stroke. The 7-day-old rat pups were subjected to a permanent occlusion of the MCAO and subsequent transient unilateral carotid ligation, 41 a model of neonatal ischemia with reperfusion that induces ipsilateral cortical injury associated with initiator and effector caspase processing, 42 extensive neuronal loss, inflammatory responses, nitric oxide production and the evolution of a cortical cavitary infarct. 41 A single dose of TRP601 (5 mg/kg; i.p.) administered before occlusion induces a highly significant reduction (59%) of infarction (8.83±1.8%; n ¼ 24) compared with the control (21.67 ± 1.65%; n ¼ 15) (Figure 2a) . In contrast, the Casp3/ Casp7 inhibitor TRP901 does not confer significant protection (22.2±5.67%; n ¼ 9). TRP601 also produces significant reductions in cortical infarction when administered i.p. 1 h after the ischemic onset (i.e., at reperfusion) at doses between 1 mg/kg and 10 mg/kg (n ¼ 103; Po0.002 Kruskal-Wallis), with an optimal dose of 1 mg/kg (% infarction: 9.73±1.9%; n ¼ 18, Po0.001 post hoc Dunn's; Figures 2b and c) .
To determine the therapeutic time window of TRP601 in this perinatal stroke rat model, we designed a large protocol (n ¼ 274 rat pups, two independent experimenters) with randomized litters in each group (Po0.0001 Kruskal-Wallis; Figure 2d ). When injected 2 h post-ischemia at 1 mg/kg (i.p.), TRP601-induced reduction of infarction was around 40% (% infarction: 11.78 ± 1.01%; n ¼ 47, Po0.001 post hoc Dunn's; Figure 2d ) and remained significant (19.18% reduction) when TRP601 was added up to 6 h post-ischemia (% infarction: 16.01 ± 0.92%; n ¼ 47, Po0.05 post hoc Dunn's; Figure 2d ).
The most clinically relevant administration route being i.v. injection, we set up similar experiments with post-ischemia intrajugular bolus of TRP601. Lesion scores on the entire brain and also section-based infarction quantifications converged to conclude that i.v. injected TRP601 (0.1-1 mg/kg; 1 h post-ischemia) considerably reduces ischemia-induced brain lesions along the rostro-caudal axis (Figures 2e and f) , correlating with a significant neurological score amelioration in sensory and motor profiling assays (Table 2) . We further investigated if cerebroprotection was long-lasting. At 21 days post-ischemia, the ipsilateral hemisphere of vehicle-treated animals exhibited a large cavity in the full thickness of the frontoparietal cortex (% cavitation: 12.5 ± 3.53%; n ¼ 6) and a tissue loss (32.33 ± 5.56%), which were markedly reduced in TRP601-treated rats (% cavitation: 1.42±0.68%; n ¼ 12; % tissue loss: 12.1 ± 3.9%; Figures 2g and h) , correlating with reduced astrogliosis (Supplementary Figure S3) . Hence, in 7-day-old rats subjected to perinatal stroke, TRP601 provided sustained neuroprotection and neurological improvement, with a 6 h time window for administration.
TRP601 prevents apoptosis, caspase activation and cytochrome c release in vivo. Both in vivo propidium iodide staining and ex vivo terminal transferase dUTP nickend labeling analysis of ipsilateral regions in brain sections from ischemic pups revealed a massive TRP601-sensitive cell death with apoptotic phenotype (Figures 2i and j) . When administered at reperfusion, TRP601 prevents Casp2 processing ( Figure 2k ) and activation of all caspase-like activities, whereas TRP901 only reduces the DEVDase activity (Figures 2k and l) . Previous reports had suggested that Casp2 may act directly and/or through Bid/Bax on mitochondrial membranes. 43, 44 Using the mitochondria isolated from neonatal brain, we found that a mixture containing rCasp2 and full-length Bid induce TRP601-sensitive cytochrome c release, correlating with Casp2-induced Bid cleavage (Supplementary Figure S4) . In addition, cytochrome c detection at 24 h post-ischemia in the ipsilateral cytosolic versus mitochondrial brain fraction indicates that TRP601 (added at reperfusion; i.p.) prevents the mitochondrial release of cytochrome c in vivo (Figure 2m ), correlating with TRP601-mediated prevention of matrix swelling (Figure 2n ). TRP601 reduces HI brain injury. We next decided to determine whether the TRP601 pharmacological spectrum of use might include the most widely used neonatal HI model, where a focal brain injury occurs in 8-day-old rats after unilateral carotid ligation and exposure to 7.8 % oxygen for 50 min. 45 Indeed, a single dose of TRP601 (1 mg Figures 3b-d ). An early TRP601-sensitive, but TRP901-insensitive, VDVADase activity (12 pmol/min per mg) was detected as early as 1 h post-HI in the cortex (Figure 3e ). TRP601 also reduced various aspects of HI-induced white matter injury, including neurofilament degradation (NF68: 64.24 ± 8.5% versus controls 87.66 ± 5.32%; P ¼ 0.049 Mann-Whitney) (Figure 3f ), oligodendroglial loss (CNPase: 69.56±8.37% versus controls 91.29 ± 2.59%; P ¼ 0.0307 Student's t-test) (Figure 3g ) and hypomyelination (MBP: 87.66 ± 8.8% versus controls 91.03±2.6%; P ¼ 0.041 Student's t-test) (Figures 3h  and i ).
TRP601 does not modify physiological parameters. It is established that physiological variables can influence the outcomes of ischemic injury. 46 Importantly, when injected in rat pups, TRP601 (1 mg/kg) does not significantly alter physiological parameters, including systemic acid-base balance (arterial blood pH, partial tension of O 2 , partial tension of CO 2 and plasma [HCO 3 À ]), body weight, temperature, or heart rate ( Table 3) . Echography and transcranial color-coded duplex Doppler sonography showed that heart function and cerebral perfusion are unchanged in TRP601-exposed neonates (Table 3 ). In addition, telemetry experiments in vigil dogs indicated that Sensorimotor neurological deficits were assessed in a blinded manner in 7-day-old rat pups. Animals were subjected to ischemia-reperfusion (as in Figures 2d-f) and treated with 1 mg/kg TRP601 (i.v., 1 h post-ischemia). At 48 h post-ischemia, pups were tested for the following neurological signs and reflexes: (i) spontaneous activity (spontaneous postural signs such as right forelimb flexion and thorax twisting and exploration of the cage); (ii) walking (after ischemia pups walk in circle rather than straight); (iii) reaction to pain (the pup escapes after the tail is pinched); (iv) paw withdrawal (pups withdraw paw from adhesive pad). vital signs, heart rate, and electrocardiogram profile including QT interval corrected for heart rate were not affected by TRP601 up to the maximal dose tested (i.e., 3 mg/kg, i.v.), suggesting low potential for fatal tachyarrhythmia. Suprapharmacological doses of TRP601 in rats had no impact on central nervous system functions, including behavior, spatial activity, coordination, and memory. To exclude the potential risk that TRP601 might affect the physiological programmed cell death, which contributes to normal brain maturation, TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) ex vivo studies were performed, and it was found that rat pups treated with TRP601 at postnatal days 5 and 7 (after birth) showed no significant changes in developmental cell death in the brain (Supplementary Table S2 ). In addition, histological analysis in 7-day-old rat pups treated with high doses of TRP601 found no influence on forebrain, middle brain, and hindbrain maturation at 21 days of age (data not shown).
TRP601 safety profile in adult and neonates support further translational steps. The bench to bedside translation of any drug dedicated to the neonatal population requires specific PK/PD considerations together with combined toxicology evaluation in both adult and neonates. For these reasons, having verified that TRP601 has no hemolytic potency, no effect on bleeding time, no impact on platelet aggregation, and low toxicities on various cultured primary cells, we then investigated toxicology in adult animals, together with dedicated studies in rodent and nonrodent neonates (see Supplementary Materials and Methods). In multiple-dose regulatory studies in adult dogs, no TRP601-related cytotoxic effects were observed following i.v. administration for 14 days at doses up to 3 mg/kg per day. A good vascular and perivascular local tolerance was found in rabbit ear. TRP601 was found not to be genotoxic when evaluated in a battery of in vitro and in vivo assays, and showed no antigenic response in rat. In 7-day-old rat pups, single-dose administrations of TRP601 indicated low toxicity of TRP601 (DL 50 i.v. ¼ 60 mg/kg; DL 30 i.p.4200 mg/kg). Studies with multiple-dose i.v. injections (once every 3 days during a 2-week period, starting on postnatal day 1 in newborn Beagle dogs) showed no adverse effect level at 15 mg/kg per injection once every 3 days.
Discussion
Neonatal ischemic brain injury triggers multiple pathways of oxidant stress, inflammation, and excitotoxicity that lead to massive cellular death in the ischemic territory. Caspasedependent programmed cell death importantly contributes to this fate. 7, 9, 10, 14, 15, 23, 24, 32, 42 In contrast to previous generations of aspartyl-fluoromethylketone (D-fmk)-based inhibitors (e.g., z-VAD-fmk (N-benzyloxycarbonyl-Val-Ala-Asp(Ome)-fluoromethylketone), boc-D-fmk (Boc-Asp (OMe)-fluoromethylketone)), aspartyl-methyloxyphenylketone-based inhibitors (e.g., Q-VD-OPh) only target the caspase family, efficiently inhibit (all) caspases, have low in vivo toxicity, and present enhanced pharmacological properties. 10, 16, 25, 33 Our results show that pharmacological inhibition of a subfamily of caspases (Casp2, Casp3) with the pentapeptide-mOPh derivative, TRP601, reduces cortical and white matter damage in the neonatal brain after excitotoxicity, arterial stroke, and HI. In all of these experimental paradigms, TRP601 also reduces gliosis, an inflammatory response to brain ischemia. It has been demonstrated recently that caspase-8 and Casp3/7 are involved in regulating microglia activation. 47 Consequently, beside its direct protective effect on neurons (as observed in primary cortical cell cultures), it might be important to investigate whether TRP601 (or the active metabolite D2Me-TRP601) could also exert cerebroprotective effects through targeting the microglia. Our results indicate that TRP601 and its active metabolite(s) (e.g., D2Me-TRP601) inhibit Casp3 and Casp2 in vitro and in vivo. We also provide evidences suggesting that TRP601 interrupts the mitochondrial (intrinsic) pathway of apoptosis in the immature brain, possibly at the level of Casp-2-mediated Bid cleavage, and upstream cytochrome c release. 39 We have recently reported that Casp2 À/À mice subjected to neonatal HI presented significantly lower cerebral infarction, reduced white matter injury, and reduced Casp3 activation in the thalamus and hippocampus. 32 Lesion sizes and Casp3 activation were also found reduced in Casp2-deficient newborn mice subjected to excitotoxicity. 32 In addition, we show here that combined administration of TRP601 with Casp2 silencing did not show any additive effect against ibotenate challenge. This suggests that the TRP601-mediated neuroprotection is at least, in part, Casp2-dependent. Taken together, our data suggest that the in vivo observed neuroprotection and Casp3 inhibition by TRP601 are at least, in part, Casp2-dependent. However, we could not formally exclude that part of the neuroprotective effect of TRP601 could be related to a direct Casp3 inactivation by TRP601 or D2Me-TRP601 (this latter being a very powerful Casp3 inhibitor in vitro). As the selective Casp3 inhibitor M826 was previously found neuroprotective against neonatal HI, 24 one can suggest that the use of a group-II caspase inhibitor might be of therapeutic interest to cover different conditions, developmental stages, or regional mechanisms, where Casp3/7 and Casp2 are variably expressed and activated through different pathways.
Irrespective of these mechanistic considerations, TRP601 is a lead candidate for neuroprotective strategy in a variety of perinatal brain injury conditions. The lack of detectable side effects following in vivo administration of TRP601 to newborn rodents and dogs support its further evaluation, possibly in combination with hypothermia 5 or other candidate treatments. 6, 48 Materials and Methods Animal models. Three different animal models were used: neonatal stroke, excitotoxicity, and HI. Neonatal stroke (focal brain ischemia with reperfusion in the 7-day-old rat) was carried out according to Renolleau et al. 10, 41 For HI, 8-day-old rats or alternatively 9-day-old mice were subjected to unilateral ligation of the left carotid artery, followed by hypoxia (7.8% O 2 for rats and 10% O 2 for mice, 361C) for 50 min, as described. 32 For drug-induced excitotoxicity, ibotenate was administered i.c.v. to 5-day-old mice, as described. 32 Details for each animal models are given in Supplementary Material and Methods. SiRNAs were prepared as a solution in JetSI according to the manufacturer's recommendations (PolyPlus-transfection, Illkirch, France). Final solution contained RNAse free water, 0.08 mM DOPE, 0.24% chloroform/7% EtOH, glucose 12.5%, and 0.04 mM JetSI. For intracerebral siRNA administration, 0.4 mg siRNA/mice were administered (volume of injection ¼ 2 ml) 24 h before ibotenate. SiRNA sequences and primers for PCR were reported previously. 32 Primary cortical neuron culture and cell death analysis. Primary cortical neurons from E14 Swiss mice embryos (Janvier, Le Genest-St-Isle, France) were cultured in N5 complete medium up to 6 DIV and subjected to serum deprivation in the absence or presence of TRP601, or alternatively were transfected with siRNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) 24 h before serum withdrawal. To monitor cell death parameters, neurons were co-stained with Hoechst 33342 (nuclear condensation; Sigma, Saint Louis, MO, USA), JC-1 (5, 5 0 ,6,6 0 -tetrachloro-1,1 0 , 3,3 0 -tetraethyl-benzimidazolylcarbocyanine iodide) (mitochondrial transmembrane potential-sensitive probe), and 7-amino actinomycin D (plasma membrane permeabilization; Sigma), and then subjected to fluorescence microscopy (DM IRB; Leica, Rueil-Malmaison, France) and flow cytometry (FACSCalibur; Becton Dickinson, San Jose, CA, USA) analysis, as described previously. 39 In cellula caspase activities were detected using FAMconjugated peptides (CaspaTag fluorescein Caspase Activity Kits; Q-Biogen, MP Biomedicals, Illkirch, France), as described.
Other in vitro assays for calpains, cathepsins, and granzyme activities were performed as described. 33 Ex vivo biochemistry. Brains of rat or mice pups were removed just after decapitation. Contralateral and ipsilateral hemispheres were frozen immediately and kept at À801C. Alternatively, the ipsilateral hemisphere was rapidly microdissected (at 41C) to mainly select the lesioned area (i.e., the estimated penumbra zone for the neonatal stroke model). Brain samples processing and related biochemical analyses are described in Supplementary Material and Methods.
Physiological parameters. Blood gas analyses and hemodynamic evaluations conducted in newborn rats are described in Supplementary Materials and Methods.
